The venous circulation in the lower limb is mainly controlled by the muscular action of the calf.
Introduction
Veins have flexible walls that can support, in normal situations like walking or breathing, high external pressures.
Veins are deformable, which means they may collapse when the internal pressure falls below the external pressure. Venous collapse is an important physiological mechanism of the low leg blood circulation. Indeed, (i) it helps the blood getting back to the heart and (ii) it is one of the targets in the therapies for the prevention and treatment of chronic venous insufficiency (CVI) and deep venous thrombosis (DVT). Venous collapse results from a complex nonlinear interaction between venous pressure, blood flow rate and the mechanics of the vessel walls, which can lead to a variety of phenomena, e.g. flow limitation, self oscillations, or wave propagation.
Studies on collapsible tubes are an important element of the venous vessels fluid dynamics and of the fluid-structure interaction between blood flow and venous walls. Experimental setups consisting in a collapsible tube under external pressure provide a simple system allowing to model and study blood flow. These experimental flows are complex enough to describe properly the fluid-structure interaction and nevertheless allow measuring the dynamic variables (i.e. flow rate, tube area, internal and external pressures). In the area of theoretical developments, simple onedimensional mathematical models were shown consistent with the experimental observations; Shapiro [1] presented an analysis the one-dimensional steady flow through a collapsible tube (including friction, gravity and variations of the external pressure), and many other works proposed unsteady and steady numerical solutions of one-dimensional flows [2] [3] [4] .
The experimental flow analysis using collapsible tubes has been developed simultaneously with the investigation of biological flows, such as the venous blood flow, the pulmonary air flow and the periodic external compression (foot boots, breathing help). Numerous studies handle with flow through elastic and collapsible tubes, applied, for instance, to arteries, veins, bronchi or urethrae [5] , [6] , [7] , [3] , [4] , [8] . Phenomena like flow limitation in Starling resistor ( [9] , [10] ) with a transition between super-critical and sub-critical flow was observed. Indeed, almost all experimental setups rely on the Starling classical setup consisting of a horizontal tube with given external pressure since it allows the emergence of super-critical phenomena.
The influence of time-dependent conditions is dealt with in [11] [2] [12] . Flow separation near a constriction was studied numerically by [13] [14] [15] . Recent research provides numerous examples of experimental studies about tube oscillations [16] [17] [18] [19] .
In medical applications, researchers did not pay much attention to venous blood circulation partially because the physiologists have long considered the venous network just as a blood reservoir. Nevertheless, there is physiological evidence that the mechanics of the solid-fluid coupling, such as the muscular activity and its interaction with the blood flow, or valve failure, have an important effect on the blood circulation.
The muscular pump is the main mechanism explaining the decrease of the Ambulatory Venous Pressure (AVP).
The AVP is the principal functional index used to assess the degree of malfunctioning of the lower leg venous system: the pressure variations are recorded at the distal Marginal Vein (superficial veins located at the upper surface of the foot) under muscular activity (i.e. walking, rising up tiptoe) and, in a healthy leg, the pressure decreases with each muscular pumping cycle. When there is a deficiency in the muscular pump or a valvular incontinence, the AVP rises and produces an ambulatory hyper-pressure and a short refilling time. The refilling time, defined as the characteristic time required to reach the AVP baseline after muscular activity, is another important marker of illness. In summary, in this context severe illness is correlated with high AVP and with short refilling time.
Muscular veins of the lower leg (which are inside muscular compartments) support high external pressure when the muscular pump is activated and they provide a good framework to study, experimentally and numerically, the non-linear interactions between high external pressure and venous flow. The diameters of the muscular veins are relatively large compared to the typical vein diameters of the lower leg, thus simplifying the dynamics similarity for the experimental setup (because a large diameter allows to adjust viscosity conveniently).
In this paper, we present an experimental setup to model the draining and filling processes of the muscular veins of the lower leg: a collapsible tube was placed vertically inside a hermetic chamber connected to a tank with controlled air pressure. Inside the chamber, the tube was surrounded by air. The controlled experimental setup allows a very quick switch from high positive to negative transmural pressure 1 , as observed during muscular activity.
The use of an electrovalve allows studying two modes of draining and filling: the normal intramuscular venous system function where the fluid flows only in the upper direction, and a crude picture of the calf pump failure that 1 The "transmural pressure" is the difference between the internal and the external pressures. The paper is organised in three sections. Section 2 presents the experimental setup as well as the material and the protocols used for pressure, flow rate and crosssectional area measurements. Section 3 presents the experimental results of the draining and the filling processes.
We use the numerical simulations in Section 4 to improve the physical interpretations. The collapsible tube is placed vertically into the central chamber and is L = 39 cm long. The relative position of the two rigid tubes is adaptable; this mechanism allows changing the longitudinal tube tension by its length variation. The collapsible tube is made in natural rubber obtained by molding, a technical procedure which ensures a homogeneous thickness. We used several tubes of 8, 10 and 12 mm of diameter with variable thickness (2/10, 3/10 and 4/10 mm). These diameters and thickness were chosen according to the dynamical similitude, as stated above. The experimental results presented in this paper correspond to a tube with diameter 12 mm and thickness 2/10 mm. edges of the collapsible tube, A0 is the neutral tube area (the cross-sectional area for zero transmural pressure) and
the last column gives the diameter of the rigid tubes. The
Reynolds number is in the range 1500-2000.
Measurement of the pressure
To measure the pressure under flow conditions we used a strain-gauge type of transducer (OMICRON, type OMP02).
The pressure applied on the membrane generates micro deformations inducing a resistance variation on the straingauge and a signal that is proportional to the pressure.
The range of pressure measurements was from 0 to 100 kPa with a precision of 0.1%. 
Measurement of the flow rate

Optical device for area measurement
External to the central chamber an optical device includes a thin laser sheet and three high-definition cameras (CCD).
The laser sheet intercepts the collapsible tube generating the measured images. The cameras were put all in the same horizontal plane and separated by 120 degrees.
Each camera was coupled to a polarimeter to adjust the contrast. For a good reconstruction it was necessary, for each image, to be placed in a plane that is perpendicular to the tube axis. To take into account the image distortion induced by the vertical angle between the camera and the tube axis, a pre-calibrated grid with equi-spaced black points disposed in two dimensions was put in that plane before every experiment. In a post-treatment procedure the geometrical relationships between the grid points gave the angular corrections for each camera. The acquisition This appears clearly when we consider the tube law The complete protocol of the procedure is described in reference [21] .
Experimental results and discussion
This section presents the experimental results of the model (flexible tube subjected to high external pressure) of draining and filling process in a muscular pump of the lower leg.
We recall that in a normal configuration the venous 
Draining a tube
At the initial condition, the elastic tube is completely filled and the system is in a static configuration, i.e., zero flow rate and constant pressure. To start the process we set the external pressure P e (t) and we compute the velocities and the pressures. is the initial tube volume and
As stated above, before the activation of the external pressure, between 0 and 0.5 s. the experimental system is in a static configuration. Consequently, the pressure sensors measure the hydrostatic pressure and the flow rate is zero. We observe in Figure 4 (a) that the difference of pressures between the pressure sensors at the top and the bottom rigid tubes is the hydrostatic pressure ρg(Lt+L+Lb).
At the initial time t i = 0.5s, the external pressure is set up and it reaches its maximum value of around 32kP a at t ∼ 6s (in red in Figure 4 the total (red line). We observe that the second peak of each side arises when the corresponding ejected volume reaches its limit, and that after t = 2.1s the elastic tube is quasi-empty.
Draining close mode (healthy model)
In the closed mode, the dynamics of the system behaves in two particular ways: (i) when the external pressure ramp is slow enough the system runs into a continuous evolution, the cross-sectional area becomes practically zero proportionally to the pressure signal, (ii) when the pressure ramp is more abrupt, a constriction zone appears near the top end of the elastic tube and the dynamics is in essence different. 
Filling a tube
We present the experimental results of the filling process of an elastic tube which is initially completely collapsed. This condition is achieved by setting a high external pressure 
Filling open mode (pathological model)
The time evolution of the measured pressures is shown in Unlike the draining process, there is only one peak for each flow rate and they appear simultaneously.
Filling closed mode -(healthy model)
Similarly to the open mode, the initial condition is an empty elastic tube. Figure 7 
and the momentum conservation
The viscous loss effects are included in the last term f v . In our computations we use the semi-analytical expressions based on the thin-shell theory, given in [22] . The mechanical characteristics of the tube are described by the experimental tube law (see Section 2) that relates the transmural pressure p t = p i − p e to the reduced crosssectional area A/A 0 . The experimental tube law is
where T is the longitudinal tension and R l is the local The first two phases of the collapse process are equivalent and after the second peak at time t = 1.1s the upper zone of the tube is dominated by the viscous effects that determines the beginning of the viscous drainage, in which the fluid is locked at the lower part of the elastic tube and is slowly squeezed out. The length of the collapsed region increases very slowly and at time t = 10s the elastic tube has lost less than 30% of its initial volume. Experimental evidence is given in Figure 5 (c) and numerical data are presented in Figure 9 (top). 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000  00000000  00000000  00000000  00000000  00000000  00000000  00000000  00000000  00000000   11111111  11111111  11111111 11111111  11111111  11111111 11111111  11111111  11111111 11111111  11111111 11111111  11111111  11111111  11111111 11111111 11111111   11111111  11111111  11111111  11111111  11111111  11111111  11111111  11111111  11111111 Under the external pressure pe(t) the length l(t) moves down giving a rate of volume − dV dt .
The solution of the numerical integration of the velocities of Figure 9 (top) presented in Figure 9 (bottom)
gives the normalized tube volume, which is coherent with our lumped model prediction (c.f. end of this section) and
shows that after a few seconds the residual volume is about 70%., as experimentally observed.
We now attempt to model the asymptotic evolution of this volume variation. We roughly modeled the viscous process by using a lumped model consisting of a very viscous region of length l(t) and constant area a 1 connected with an inflated region of constant area a 2 with initial volume V i (see Figure 10 ). The flow rate Q of the system results from the balance between the pressure difference and the viscous forces under the assumption that the fluid flow can be treated as a Poiseuille flow in a circular tube.
The momentum equation gives the simple governing equa-tion (∆p − ρgl(t)) l(t) ∼ K(a 1 )µQ/a 2 1 ,
where µ is the coefficient of viscosity, ∆p = P e − p atm is the external pressure drop acting on the collapsed part, P e is the external pressure and p atm the outlet pressure at the top of the upper tube (the atmospheric pressure).
The coefficient K(a 1 ) depends on the shape of the tube cross-section, i.e., its value is 8π for a circular tube. The temporal volume variation into the draining chamber is given by
The mass conservation gives dV dt = Q(t) and combining the last three equations we get the following differential equation for the time variation of the length l(t),
Since ∆p >> g l(t), the scaling law for l(t) follows
therefore l scales as t 1/2 , and finally, from equation (5), Figure 4 (c) ). We observe a saturation of the ejected volume that follows the flow rate peaks.
The numerical results of Figure 12 (a) show that the cross-sectional area shape of the filling process showed n A simple study of linear stability of the isolated collapsible tube allows to understand the phenomenon, we note that this study is relevant only if the wavelength is smaller than the typical length scale variation [26] . We start with the governing equations (1) and (2) where we replace −f v by −Ru for the sake of simplicity. By analysing the stability to the first order around an equilibrium position (A 0 , U 0 , p 0 ) we find A = A 0 + α, U = U 0 + u and p = p e + p, where α = A/A 0 . Replacing them in the governing equations we get a first approximation (dropping the quadratic terms):
Setting F (A/A 0 ) ∼ c 0 , u 1 =ûe i(kx−ωt) and α 1 = αe i(kx−ωt) , and noting that the time derivatives are replaced by −iω and the space derivatives by ik we have the following system:
The necessary condition for a solution is that the determinant of the matrix is zero, thus giving the following complex equation for ω as a function of k:
The imaginary part of ω, ω i , governs the wave dynamics; waves will grow or decay with ω i > 0 or ω i < 0. For Conversely, in the draining process, the final volume is around 30 times smaller because the tube is collapsed (hence with high viscous effects). Under such condition, the empty tube could be considered independent from the hydraulic system and the stability analysis holds.
Conclusion
We have developed a complex experimental setup modeling the venous flow through muscular veins. The optical reconstruction technique allows to evaluate with good precision the cross-sectional area of the elastic tubes. Comparisons made with a classical ombroscopy reconstruction show that our approach improves the results, especially in the narrow sections when the elastic tube is collapsed.
The evaluation of the cross-sectional area in that situation is crucial to understand the dynamical behavior of the viscous dynamics. On the other hand, since the numerical simulation depends on the quality of the experimental tube law, for high negative transmural pressure, numerical simulations using the ombroscopy results cannot correctly describe the viscous dynamics.
The numerical results from a simple 1D model led to a good understanding of the experimental data, which are quite complex. We recall that the numerical model is parameter free and is able to follow the flow dynamics at any time (peaks, total volume, scaling).
Comparisons between experimental and numerical data
show that the ejected volume is roughly the same in open and closed modes when the tube is draining (see Figures 4 (c) and 5 (c)). This means that the valve behavior has little influence, due perhaps to the tube length (∼ 40 cm); instead, for physiological lengths (i.e. shorter than 40 cm), it is possible that the wave reflections and back flows hide that phenomenon. Moreover, in drainingfilling cycles as in breath or muscular pumping, the valve failure is only actually seen at the end of the process (recall the AVP definition in the introduction), so it seems that these facts have to be correlated with the physiological data.
We have also presented a lumped model that describes the viscous dynamics of the system, in particular the scaling law of the volume dynamics (∼ 1/2). In the front dynamics for the upper side (open and closed modes) we remark that the two fronts superpose. Consequently, there is a short time where the system behaves like an infinite tube as expected in a wave-like system. Finally, a stability analysis allows to find the experimental observations:
when the volume of the secondary circuit is large enough the added mass excites the hydraulic system that dominates the oscillatory behavior; the viscous effects on the elastic tube are not important enough to slow down the perturbation.
